Abstract-Traditional optical-electronic-optical (o-e-o) conversion in today's optical networks requires cascading separately packaged electronic and optoelectronic chips and propagating high-speed electrical signals through and between these discrete modules. This increases the packaging and component costs, size, power consumption, and heat dissipation. As a remedy, we introduce a novel, chip-scale photonic switching architecture that operates by confining high-speed electrical signals in a compact optoelectronic chip and provides multiple network functions on such a single chip. This new technology features low optical and electrical power consumption, small installation space, high-speed operation, two-dimensional scalability, and remote electrical configurability.
I. INTRODUCTION
T HE rapid growth in Internet traffic around the globe, for example, in Northern America, Japan, and Europe [1] - [4] , will necessitate improvements in today's optical communication technology; the present optical networks are, however, limited in a number of ways by electronics conventionally utilized in optical-electronic-optical (o-e-o) conversion. For that, there is a need for investigating and developing new integrated photonic platforms to accommodate the traffic growth. In this paper, we present a chip-scale photonic switching technology [5] , [6] as shown in Fig. 1 , which simultaneously offers multiple network functions for multiple channels on a single chip and potentially provides a scalable photonic switching platform [7] for next generation cost-efficient optical networks. Complex data processing, routing, and switching in optical network nodes currently requires employing o-e-o conversion. This technology comprises serially cascading multiple, separately-packaged optoelectronic and electronic components. Although o-e-o conversion is a mature technology, it suffers from several disadvantages [8] . Since high-speed electrical signal propagation between discrete components is required, packaging costs are substantial and grow as the number of discrete components increases. Moreover, existing technology requires large installation space, introducing additional complexities in system design. High-power consumption and heat dissipation are also significant problems in traditional o-e-o systems.
Integrated photonic switches [9] - [15] avoid the aforementioned disadvantages and can supplant traditional o-e-o conversion for certain network applications. Our research group has proposed different schemes of integrated photonic switches [16] , [17] and has briefly presented different generations of such photonic switches [5] - [7] , [9] , [16] - [20] . Here, we will discuss the device in greater depth. First, in Section II, we will present the switching structure to discuss its operation principles. In Section III, we will derive an equation to design switches with a desired bandwidth and contrast ratio and present results from a simulation showing the feasibility of 10 Gb/s operation. Following that, in Section IV, we will discuss some of the details of the fabrication, including the epitaxial layer design and its relevance to the electroabsorption properties and the integration of the two major elements in our structure. Finally, in Section V, we will present experimental results highlighting the characteristics of the switch operation and demonstrating the multiple network functions provided by these switches. Fig. 2 shows a simplified circuit diagram, neglecting parasitics, of our integrated photonic switch. The switch comprises two subcircuits: the left-side circuit consists of a diode photodetector (PD) connected to a bias supply with a local parallel bypass capacitor , while the right-side circuit similarly consists of a diode, multiple-quantum-well (MQW) waveguide electroabsorption modulator (EAM) connected to a separate bias supply with another local parallel bypass capacitor. The -contacts of both diodes are connected together using a high-speed, low-parasitic electrical interconnect and attach to one end of an integrated thin film resistor , which subsequently terminates at the ground pad, GND. The switch requires two optical inputs, consisting of a continuous-wave signal beam incident on one end of the modulator waveguide and a control beam data stream incident on the photodetector, and two electrical inputs, consisting of the PD and EAM bias voltages. The output of the switch consists of the signal beam exiting the opposite end of the EAM waveguide encoded with the control beam data. The switch operates, as shown in Fig. 2 , in the following manner.
II. SWITCH STRUCTURE AND OPERATION
1) To enable the switch, we apply appropriate biases to the PD and EAM. The PD bias is chosen such that linear photocurrent extraction is always maintained. This requires a PD intrinsic-region electric field 50 kV/cm [21] to ensure saturated electron and hole carrier velocities. Note that by slightly forward biasing the PD, photocurrent extraction can be eliminated, disabling the functionality of the switch. The EAM bias is chosen such that its MQWs strongly absorb at the output signal beam wavelength. The value of the EAM bias will depend on the signal beam wavelength and the electroabsorption characteristics at this wavelength. (In some applications, we would want the EAM to be transparent when the switch is disabled, in which case we would also choose a specific EAM bias (e.g., zero bias or forward bias) for transparency in the disabled state. An alternative approach to understanding the switching behavior of PD-EAM integrated photonic switch (IPS) is to consider a simple load line analysis of the circuit as exemplified in Fig. 3 . The EAM current is given by (1) where is the quantum efficiency, is the coupled signal power in the waveguide, is the spatial overlap integral of the signal beam optical mode with the QWs, is the absorption coefficient at the signal wavelength for a particular , and is the waveguide length. From a load line analysis, the EAM current also equals (2) As an example, in Fig. 3(a) , we plot versus along with the corresponding load line equation given earlier. For signal beam wavelengths below the heavy hole-electron exciton absorption peak, through the QCSE, the absorption from the QWs increases with increasing voltage [ Fig. 3(b) ] resulting in a larger photocurrent flowing through the EAM. The optical transmission through the device correspondingly decreases with increasing voltage as shown in Fig. 3(c) . When the control beam is incident on the photodetector, creating a photocurrent, the load line shown in Fig. 3(a) moves downward, reducing the EAM current and voltage operating points. This reduction in EAM voltage decreases the QW absorption [ Fig. 3(b) ] and, hence, increases the optical transmission through the EAM [ Fig. 3(c) ].
The inclusion of bypass capacitors on chip, or as a part of an appropriately designed electrical probe, ensures localized optoelectronic switching without loading from external circuit components. The bypass capacitors function as low-pass filters and confine all high-speed electrical signals to the area of the PD and EAM only. This allows high-speed switching using low optical powers since only the small capacitances of the PD and EAM need to be charged and discharged. For this device architecture, the 3-dB electrical bandwidth of , ignoring the effects of the EAM current source and any parasitics, is approximately given by (3) To achieve a desired switching bandwidth, the effective RC time constant needs to be engineered. In this case, and , the PD and EAM internal device capacitances, respectively, can be modified through appropriate choice of the epitaxial layer design and the geometry of the individual devices in conjunction with the thin film resistor .
III. SWITCH DESIGN

A. Design Guidelines
A first-order analysis of the integrated switch circuit provides a set of general design guidelines. The change in the electric field across the EAM can be calculated assuming that the photogenerated charge at the PD is distributed between the EAM and the PD capacitors and , respectively
In this simple formulation, the effects of the bypass capacitors, loading from external circuitry, and the voltage discharge through the on-chip resistor have been excluded. Also, the effective dielectric constant is assumed to be the same for both the PD and the EAM intrinsic regions. In (4), is the optically-induced voltage swing across the EAM; is the injected charge from the control beam; and are the horizontal cross section areas of the PD and the EAM, respectively; and and are the intrinsic region thicknesses of the PD and EAM, respectively.
We can use (1)- (4) to design a switch with a minimum optical control beam input power for switch operation at a particular data rate and contrast ratio for the signal beam exiting the EAM. Equation (4) indicates that to minimize the injected charge and, hence, the optical power on the PD, for a required , we need to minimize the junction areas of the PD and the EAM, increase , and decrease . and are limited by fabrication requirements, the latter also limiting the power handling capability of the PD. On the other hand, cannot be increased arbitrarily to avoid carrier transit time limitations and reduced optical power handling capability. Furthermore, should be greater than 0.25 m to achieve a reasonable overlap between the optical mode and the electroabsorption layers and to avoid excessive optical loss due to free carrier absorption arising from mode field penetration into the doped waveguide layers. From (3), we see that it is necessary to minimize the RC time constant for faster operation. For a given time constant, large on-chip is preferred to optically-induce a larger voltage swing, to ease fabrication tolerances, and to reduce sensitivity of the switch performance on the device contact resistance. For that, both and should be minimized, which will also minimize the required optical power. However, the EAM capacitance should dominate the PD capacitance to minimize the required input charge for a desired , due to the factor in the denominator of (4). We can also relate these parameters to contrast ratio. Assuming the absorption coefficient changes by when the electric field changes by we get (5) Using this in (4), noting that , we get (6) where is a fundamental characteristic of the electroabsorption layers used in the EAM. This characteristic is strongly wavelength and electric field dependent and is determined by the electroabsorption layer design and growth quality. To minimize the required injected charge from the control beam, the electroabsorption material should be grown and designed with as large a as possible in the wavelength range of interest. 
B. Simulations
Using a circuit model that includes both the integrated photonic switch as well as the off-chip bias circuitry (voltage supplies and an electrical probe incorporating bypass capacitors), we can simulate device performance, and can make some predictions of the device performance that might be obtained under the best conditions. Specifically, the simulation of Fig. 4 shows the feasibility of optical switching at 10 Gb/s for a 10-dB extinction ratio using 7 mW of average absorbed optical power. Fig. 4 shows the open eye diagram of the simulated switch structure at 10 Gb/s.
In this simulation, we use empirical data from Zhang [23] for the electroabsorption spectra. We consider a PD with a 30 30 m mesa and an intrinsic region of 1.25 m, resulting in a diode capacitance of 76 fF, parasitic capacitance of 15 fF, and internal resistance of 39 . The EAM is simulated to have an area of 2 300 m with 0.37-m intrinsic region thickness, giving diode capacitance of 153 fF, parasitic capacitance of 24 fF, and internal resistance of 120 . This simulation implies that contact resistances and the parasitics have to be minimized for a successful 10-Gb/s demonstration. This simulation, however, indicates the high device performance may be feasible with this approach.
IV. IMPLEMENTATION OF THE SWITCH
In this section, we will outline the epitaxial layer design of the EAM and PD, summarize the mask design, and conclude with the expected device switching bandwidths.
A. EAM Epitaxial Layer Design
For the electroabsorption, we employed the QCSE, rather than the Franz-Keldysh effect, which is observed in bulk semiconductors. Although bulk semiconductor layers may provide a wider wavelength band of operation, QWs provide a stronger change in absorption per unit change in perpendicular electric field [11] . Moreover, QW modulators typically require about half as much voltage swing compared to bulk modulators, reducing the optical input power requirements of our switch. Our QWs include ten 80--thick, 0.8% compressively strained, 1.56-Q InGaAsP wells with 60--thick, 0.5% tensile strained, 1.22-Q InGaAsP barriers. This MQW structure exhibits a photoluminescence peak wavelength between 1480 and 1490 nm and is optimally detuned from the C-band (1530-1565 nm) for large optical transmission modulation over this wavelength range. Table I lists the epitaxial layer structure, comprising a diode, for the EAM. Using a semi-insulating (Fe-doped) substrate substantially reduces the EAM and PD device capacitances and electrically isolates the PD from the EAM, enabling independent operation of both devices. Etch stop layers 2 and 4 are employed to achieve a flat surface after the PD mesa etch and the EAM n-island etch, respectively. InP layer 3, between these two etch-stops, is the seed material for selective area regrowth of the PD epitaxy and is thick enough to prevent punch-through of the PD mesa etch past the lower etch-stop layer. The InP layer 5 serves primarily as the bottom waveguide cladding. We made this layer quite thick to ensure that the dry etch defining the ridge waveguides stops within this layer over the entire two inch EAM wafer. Next, the structure comprises a 0.5 m-thick intrinsic region (layers 6-16) that contains a set of MQW electroabsorption layers. Layers 11 and 12 are repeated together and, in conjunction with layer 10, form ten MQWs. Surrounding the MQW layers are a pair of graded heterojunction layers that serve as graded index structures for achieving a symmetrical optical mode around the MQW and for reducing carrier pileup at heterojunction interfaces. The latter is particularly important for holes, since hole pileup at a nongraded InGaAsP-InP interface is likely to degrade the optical transmission modulation and the switching bandwidth. Layer 16 serves as a -dopant offset layer to minimize -dopant diffusion into the MQW region for better electroabsorption and to avoid an increase in EAM junction capacitance. The doping in layer 17 is graded for the same purpose. The EAM epitaxial layers are designed to provide single-transverse-mode waveguide operation over the C-band for 2-5 m wide ridge waveguides that are etched into layer 5 or deeper and surrounded by a low index planarization/passivation material (e.g., bisbenzocyclobutene).
is approximately constant between 0.28-0.30 over this wavelength range. In this waveguide design the overlap integrals of the optical mode with the -doped and doped epitaxial layers are negligibly small, ensuring free carrier absorption does not cause excessive propagation loss.
B. PD Epitaxial Layer Design
The PD was grown via selective area regrowth (SAR) on top of the EAM layer 3. [24] Table II lists the epitaxial layer structure used for the PD. The structure is a simple diode comprising a 1.25 m thick InGaAs absorber region (layer 5) that strongly absorbs over the 1.3-1.6-m telecommunication wavelength band. This enables the IPS to perform unconstrained, bidirectional wavelength conversion over the entire C-band (1530-1565 nm). The theoretical responsivity of the PD is 0.7 A/W around 1.55 m.
Provided the carriers travel at their saturated velocities throughout the 1.46-m-thick intrinsic region, this PD structure offers a carrier transit time bandwidth exceeding 30 GHz. This ensures that the switching bandwidth will be determined by the RC time constant of the circuit, rather than a convolution of both effects. Relatively thin intrinsic regions, such as the one we used here, are more suitable for high-power PD operation since the carriers need to travel a smaller distance to reach the contacts, precluding the buildup of large space-charge fields that can substantially alter the electric field and carrier velocities within the intrinsic region. Furthermore, the graded heterostructure layers 6 to 8 significantly reduce hole pile-up between the intrinsic region and the -contact.
C. Realization of the Switch
Although the discussion in Section III shows the feasibility of faster operation of the IPS, in this proof-of-concept demonstra- tion, we made conservative design choices to ensure the successful fabrication and operation of these devices. The EAM waveguides were 2-5 m wide by 300 m long, possessing capacitances ranging from 140-370 fF. The PD mesas were 30 30 m, possessing a capacitance of 75 fF. TaN thin-film resistors of 340 and 650 were used on the InP substrate. From (3), these devices nominally have 3-dB electrical switching bandwidths in the range of 1-3.5 GHz. However, the practically realized switching bandwidths are degraded by the presence of parasitic series resistances associated with the PD and EAM arising from suboptimal fabrication procedures. Fig. 5 shows a fabricated switch employing monolithic integration of the PD and the EAM to realize the circuit proposed in Fig. 2 . For simplicity, the bypass capacitors are not included as a part of the fabrication process, but instead are conveniently provided by an external electrical probe. The switch operation requires intimate integration and high-speed interconnection of the EAM and the PD. As a consequence of our SAR technique, the minimum PD-EAM separation is 50 m [24] . The overall thickness of the PD structure is chosen such that the uppermost layers of the EAM and the PD are approximately level, enabling metallization to interconnect the -contacts of the two devices. Nonplanarity across the wafer, however, can be accommodated using our new self-aligned planarization and passivation technique [25] , [26] . The benzocyclobutene (BCB) polymer fills in the space between the PD mesa and the waveguide EAM such that the polymer surrounding each device is level with its device top within atomic scale flatness. The metal line that interconnects the -contacts overlays this polymer and proceeds smoothly down to the substrate level to make contact with the on-chip thin film resistor.
V. SWITCH CHARACTERIZATION AND TESTING
As a first demonstration of successful integration, we present the influence of the control beam on the IV curve of the EAM. In Fig. 6 , we observe the IV curve of the EAM in the presence of the control beam to be shifted to the left (larger reverse biases) by 3.4 V. This voltage swing corresponds to the voltage drop across the TaN pull-up resistor due to the photodiode current (i.e., ). Note that the change in EAM voltage also causes a change in EAM current. The exact voltage shift can be determined using the load line analysis discussed in Section II. In this particular experiment, the EAM current level is small (few hundred microampers), and thus has a negligible effect on the voltage shift. The 3.4-V swing induces an electric field reduction of 6.8 V m across the QWs of the EAM. This is a substantial field swing that can be used to create large changes in transmission through the EAM, as characterized for TE and TM polarized light in Fig. 7 . Note that the input data stream, whose polarization is unknown, is incident on the PD mesa, whose operation is independent of the input polarization, and that the EAM polarization dependence, therefore, does not affect the switch operation. Incidentally, this field swing exceeds the modulation requirements of many state-of-the-art RF-driven MQW EAMs. For example, using a waveguide configuration and an active region design similar to ours, Zhang [23] has demonstrated electrically-driven MQW waveguide EAMs exhibiting 10 dB and 20 dB extinction ratios using field swings of only 2.18 and 3.26 V m, respectively.
We also investigated the dependence of the optically-induced voltage swing on the EAM input power. In general, for a given electroabsorption spectrum, as the EAM input power increases, the PD input current required to maintain a certain voltage swing also increases. As seen in the example load-line analysis of Fig. 8 , this is a fundamental property of the IPS architecture and needs to be carefully considered when designing an IPS for a particular fiber-coupled output power. In the experimental setup, single mode tapered fibers couple light to and from the input and the output ends of the waveguide. The single mode fiber at the output provides spatial mode filtering, reducing the transmission in the off state. Fig. 9 (a) conceptually illustrates the change in mode shape from propagation in a ridge waveguide with a lossy core material, such as MQW. In the off state, the center of the propagating beam loses intensity due to the location of the QWs. The overlap integral of the exiting beam shape with the fundamental mode of the fiber shown in Fig. 9(b) reveals that only 33% of the exiting power in the off state can be coupled into the exit fiber. This is potentially advantageous since it allows for lower voltage swing operation of the EAM in order to achieve the desired degree of optical transmission modulation. Fig. 10 illustrates the optical setup used for testing. We investigated the optical switching bandwidth of IPS's by measuring the optical parameter using an Agilent lightwave component analyzer (LCA), which measures the optical-to-optical transfer function. It has a 1550-nm control beam output which is swept between 130 MHz and 20 GHz. The magnitude of the EAM output power divided by the PD input power as a function of frequency provides a full characterization of the switching behavior of the device, including determination of the 3-dB optical switching bandwidth. As an approximate rule, devices are generally designed with a 3-dB switching bandwidth equal to the desired bit rate for return-to-zero (RZ) operation or half the desired bit rate for nonreturn-to-zero (NRZ) operation. Fig. 11 shows the optical switching bandwidth data together with theoretical simulation results. The simulation parameters are given in Table III. In the setup, Cascade Microtech Eye Pass electrical probes are used to dc-bias the PD and EAM. The probes incorporate a pair of large parallel bypass capacitors that are located very close to the probe tip ends. The two outer fingers carry the respective PD and EAM biases, while the middle, common finger, is set to ground. The 450-pF bypass capacitors provide isolation between the external circuitry and the devices in the circuit. The probe provides low impedance, resonance-free operation for frequencies up to 20 GHz.
A. Switching Bandwidth Characterization
The three different devices in Fig. 11 exhibit 3-dB optical bandwidths of 690 MHz, 1.06, and 2.15 GHz. These measurements were taken with an average PD current of 0.2-1 mA, a PD voltage supply bias of 17 V, an average EAM current of 0.5 mA, and EAM voltage biases of 3-8 V. This set of measurements can be considered a small signal measurement since the optically-induced changes in EAM voltage are on the order of a few tenths of volts. The three sets of Hspice simulations overlaid on this plot exhibit excellent agreement with the experimental data. In Fig. 11 , we assumed , calculated using Hspice, is equal to as measured by the LCA. In this case, a linear change in the EAM voltage translates to a linear change in EAM transmission.
The good agreement between the experimental data and the Hspice simulations validates our circuit model and provides a strong foundation for understanding the overall behavior and scalability of IPS's. The same circuit model is used in simulations for the feasibility study of 10 Gb/s operation in Section III.
B. Dynamic Behavior Characterization
We demonstrate dynamic operation of IPS's by recording eye diagrams under various conditions using an Agilent Digital Component Analyzer. The eye diagram characteristics depend on the EAM bias, PD bias, EAM input wavelength, and input optical power levels. When the EAM supply voltage is less than 4 V, the EAM is pushed into forward bias during switching and strong electroabsorption characteristics cannot be achieved. In the measurements, the EAM pre-bias was chosen between 4.9 and 10.4 V for optimal performance at each output wavelength. The PD bias was, however, fixed at 17 V. Fig. 12 shows unconstrained, bidirectional wavelength conversion, where eight input and eight output wavelengths were arbitrarily chosen within the C-band (1530.0-1565.0 nm). In all cases, we observed 10 dB extinction ratio with 8 mW absorbed optical power at 1.25 Gb/s.
It is also possible to couple two different wavelengths into the same EAM waveguide to modulate them simultaneously. Fig. 13 shows wavelength broadcasting over two arbitrarilychosen channels within the C-band that are separated by 5, 10, Table III. or 20 nm. In this measurement, rather than optimizing the EAM bias for a specific wavelength, we applied a high enough bias (e.g., 10 V) to broaden the electroabsorption effect over a sufficiently large wavelength range (e.g., 5, 10, or 20 nm). Fig. 14(a) illustrates optical switching in NRZ and RZ formats, each with 10 dB extinction ratio at 2.5 Gb/s. In Fig. 14(b) , we demonstrate 45 nm wavelength conversion range between the output wavelengths of 1525 and 1570 nm at 1.25 Gb/s. This range is limited by the spectral modulation range of the MQW structure as well as the Erbium-doped fiber amplifier placed before the receiver.
C. Remote Electrical Reconfiguration
We demonstrate two-dimensional (2-D), compact arrays of these switches that monolithically integrate 2-D stacks of surface-normal photodiodes with QW waveguide modulator stacks on a single chip [8] . Such wavelength-converting crossbars provide complete flexibility to selectively convert any of the input wavelengths to any of the output wavelengths at high data bit rates in telecommunication, with the input and output wavelengths being arbitrarily chosen within the C-band. Fig. 15 shows the experimental results.
For these crossbar switches to be useful, it is essential to electrically reconfigure the crossbar switch quickly, such that, by enabling certain switch elements in the array and disabling the rest, the input wavelength channels can be transferred to a desired set of output wavelengths quickly. Individual switch elements perform wavelength conversion provided that their photodiodes and modulators are properly reverse-biased. When slightly forward biased, the photodiodes will not extract photocurrent and the modulators will be transparent. Therefore, each of these switches located at the cross nodes can be rapidly enabled and disabled to reconfigure the crossbar as desired by quickly changing their biases accordingly.
VI. CONCLUSION
In this paper, we introduce a novel, chip-scale, photonic switching architecture that offers a remedy to the difficulties associated with ordinary o-e-o technology, including fabrication and packaging costs and necessity for large installation space. This photonic switching platform incorporates a MQW waveguide modulator monolithically integrated with a surface-illuminated photodiode. The dual-diode switches exhibit 10 dB extinction ratios for gigahertz range switching using only milliwatt-level absorbed optical power across a wide wavelength band. We demonstrate arbitrary wavelength conversion across 45 nm and multiwavelength broadcasting over 20 nm, spanning the entire C-band. According to our model, by moderately scaling down the values of the device capacitances and the on-chip thin film resistance, while minimizing parasitics, switch operation at 10 Gb/s should be achievable. By optimizing the electroabsorption properties of the QWs, improving the high-power handling capability of the photodetector, and employing better fabrication techniques that minimize parasitic resistances and capacitances, operation speeds of 40 Gb/s might be achieved. The integration technology we developed can also be extended to include other circuit elements in the structure for additional functionality. His research interests include the development of novel integrated photonic devices incorporating quantum-well structures for future optical networks. 
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